Obesity is associated with chronic inflammation and elevated levels of IL-6. The role of IL-6 in induction of acute-phase proteins and modulation of haematological responses has been demonstrated in models of inflammation and aging, but not in obesity. We hypothesized that IL-6 is necessary to regulate the acute-phase response and hematological changes associated with diet-induced obesity (DIO) in mice. Feeding a 60% kcal/fat diet for 13 weeks to C57BL6 WT male mice induced a significant increase in IL-6 expression in visceral adipose tissue (VAT), but not liver, compared to mice fed chow diet. Significantly elevated IL-6 levels were present in the peritoneal lavage fluid, but not plasma, of DIO compared to lean mice.
Introduction
Obesity is associated with a state of chronic inflammation, characterized by infiltration by macrophages and other leukocytes in adipose tissue and increased production of several inflammatory mediators, including the pleiotropic cytokine IL-6 [1] .
Experimental evidence indicates the involvement of IL-6 in modulating development of obesity and insulin resistance in mice. Development of age-related obesity has been demonstrated in IL-6 KO (KO) mice fed a standard chow diet, with significant differences in body weight reported to begin at either 6 months [2] or 17-20 weeks of age [3] . However, other studies reported either lower body weight or no differences in KO compared with WT mice on either chow or high-fat diet (HFD) [4] [5] [6] . In addition, increased insulin resistance and exacerbated hepatic damage develop in KO mice fed a HFD for 20 weeks [3] . Expression of IL-6 receptor D on hepatocytes is necessary for IL-6 to exert its beneficial effects on insulin sensitivity and modulate hepatic inflammation induced by a euglycemic-hyperinsulinemic clamp in mice fed chow diet [7] . Despite some controversy, overall the available data indicate that IL-6 regulates adipogenesis and glucose metabolism, suggesting that increased production of IL-6 in obesity might represent an attempt at protecting the organism against the damage associated with excessive fat accumulation and the associated development of chronic inflammation and insulin resistance.
The acute-phase response (APR) is a set of reactions set in motion by infection and inflammation and characterized by changes in the pattern of protein production by the liver and other tissues, altered metabolism and leukocytosis [8] . Although likely beneficial to cope with acute infections, chronic activation of the APR, as it occurs in obesity, is thought to be detrimental [9] . The metabolic alterations that accompany the APR include increased hepatic glycogenesis and glucose turnover, reduced muscle uptake of glucose, as well as increased insulin secretion and insulin resistance, each favoring development of type 2 diabetes, particularly in the context of obesity [9] .
Moreover, alterations in the pattern of protein production by the liver and adipose tissue in obesity contribute to chronicization of inflammation and augment the risk of associated pathologies. Thus, elevated expression of -among others -serum amyloid A-1 (SAA-1), plasminogen activator inhibitor -1 (PAI-1) and thrombospondin-1 (TSP-1) increases cardiovascular disease (CVD) risk [10] [11] [12] . Elevated levels of LPS binding protein (LBP) may enhance the bioactivity of low levels of LPS, leading to amplification of inflammatory responses [13] , while increased production of hepcidin (Hamp1) and ceruloplasmin (CP) disrupts iron metabolism [14] .
Obesity is associated with mild but significant chronic reactive leukocytosis [15, 16] .
Although this finding is likely benign, it represents additional evidence of the ongoing APR of obese subjects. A significant increase in platelet counts with increasing body mass index has been described in women but not men [17] , although lack of significant differences in circulating platelet counts between lean and obese subjects has also been reported [18, 19] . On the other hand, the significantly elevated mean platelet volume (MPV) of obese subjects and patients with impaired glucose tolerance [19] [20] [21] is an additional indicator of increased CVD risk [22] . When considered as a whole, the metabolic and hematologic alterations that characterize the chronic APR of obesity can be seen as both active players and biomarkers of increased risk for CVD and type 2 diabetes.
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The critical role of IL-6 as a modulator of inflammation, inducer of the APR and regulator of hematopoiesis and thrombopoiesis has been demonstrated in several experimental models of inflammatory diseases and aging [23] . However, despite the abundance of studies investigating the role of IL-6 in modulating adiposity and insulin resistance in the context of obesity, whether IL-6 is necessary to regulate adipose tissue inflammation, the APR and the hematological changes associated with obesity has not been studied to date.
The goal of the present study was to investigate the role of IL-6 in visceral adipose tissue (VAT) inflammation, haematological alterations and induction of the APR in a model of diet-induced obesity (DIO) in mice, under the hypothesis that IL-6 is necessary to modulate these parameters. To avoid the confounding effects of increased adiposity, insulin resistance and hepatic inflammation previously reported in KO mice beginning at 20 weeks of age [3] , we chose to compare WT and KO mice on chow and HFD at 17 weeks of age, before the two strains of mice diverge in their obese and metabolic phenotype. Results obtained from the present study demonstrate that IL-6 mediates modulation of SAA-1 expression and participates in regulation of leukocytosis and thrombopoiesis in obese mice, whereas development of VAT inflammation and induction of several acute-phase proteins in this model is independent of IL-6. For IL-6 neutralization experiments, lean and DIO WT mice were injected ip with 1 mg of an anti-murine IL-6 antibody (Biolegend, San Diego CA) previously showed to effectively neutralize IL-6 activity in vivo [24, 25] . Mice were euthanized 1 day after administration of the neutralizing antibody.
Materials and Methods

Animals and treatment.
Miscellaneous Measurements.
Leptin, TPO, IL-6, SAA and insulin levels were measured using ELISA kits from R&D Systems (Minneapolis, MN), Invitrogen (Carlsbad, CA) and Alpco (Salem, NH). Blood glucose levels were measured using the One-Touch glucose monitoring system (LifeScan, Inc., Milpitas, CA). The HOMA-IR index was calculated using the formula glucose (mmol/l) × insulin (ȝU/ml)/22.5.
Circulating levels of alanine aminotransferase and triglycerides were measured using kits from Teco Diagnostics (Anaheim, CA). Hematological parameters were evaluated on peripheral EDTA-treated blood using the Hemavet 950 FS (Drew Scientific, Inc, Waterbury, CT). For evaluation of reticulated platelets, the thiazole orange (TO) method was used, as previously described [26] . Briefly, 5 Pl of EDTA-anticoagulated blood were diluted in 1 ml of PBS and incubated for 15 minutes with a phycoerythrin-conjugated anti-CD41 antibody (BD, San Diego, CA) and TO (0.1 Pg/ml final concentration; Molecular Probes, Eugene, OR), following by washing and fixation in 10% formalin.
Samples were analyzed by flow cytometry using a FACScalibur (BD) set on logarithmic amplification of light scatter and low flow rate. Platelets were identified by their forward and side scatter characteristics and positivity for CD41. A TO-free sample from each mouse was included as negative control. Reticulated platelets were calculated as % of TO-positive platelets/total platelets.
RNA expression analysis.
Total RNA was isolated from liver and VAT using Trizol and reverse transcribed. Gene expression levels were assessed by real time RT-PCR using the TaqMan system and primers from Applied Biosystems (Foster City, CA). Table   2 reports the catalog numbers of the specific primers used. Relative expression was calculated using the ǻǻ CT method after normalizing for expression of the geometric mean of the housekeeping markers GAPDH and S18. No significant differences among the 4 groups were observed for either marker or their geometric mean in either tissue.
Statistical Analysis.
Data are expressed as mean +/-SEM. Statistical significance of differences were determined by ANOVA or unpaired Student's t-test, as appropriate.
Statistical analyses were performed using the MedCalc software (Mariakerke, Belgium).
Results
Levels of IL-6 in lean and DIO mice.
Feeding a 60% kcal/fat diet for 13 weeks induced a significant increase in VAT, but not liver, IL-6 mRNA expression in DIO compared to lean WT mice (Fig 1) . At the protein level, IL-6 was significantly elevated in the peritoneal lavage fluid of DIO compared to lean WT mice, whereas only a nonsignificant trend was observed in circulating IL-6 levels (Fig 1) . The liver of DIO KO mice was slightly but significantly enlarged compared to that of lean KO mice, whereas the difference in liver weight did not reach statistical significance in DIO vs lean WT mice (Fig. 2C) . As a result, DIO KO mice had a significantly higher ratio of liver weight/body weight compared with DIO WT mice (Fig. 2D) . A significant and equivalent elevation of circulating alanine amino transferase levels was observed in DIO WT and KO mice compared to lean animals ( Fig. 2E) , indicating a similar degree of hepatic damage in the two strains of mice when fed a HFD. This finding was confirmed by histological analysis of liver sections (Fig 2L) , which demonstrated the presence on an equivalent degree of micro-and macro-vescicular steatosis in DIO WT and KO mice.
Obesity, insulin resistance and VAT inflammation in DIO WT
Obesity was associated with development of a comparable degree of insulin resistance in DIO WT and KO mice, as demonstrated by a significant increase in serum insulin levels ( Fig. 2F ) with no significant changes in glycemia (Fig. 2G ) in both DIO groups relative to lean mice, leading to an equivalent elevation of the HOMA-IR index (Fig. 2H ).
Circulating levels of triglycerides were comparable in the four experimental groups (Fig.   2I ).
As shown in Fig. 2J , lean KO mice had an enlarged pancreas compared with lean WT mice. In fact, the absolute weight of the pancreas in lean KO mice was comparable to that of DIO mice. This resulted in lean KO mice having a significantly higher ratio of pancreas weight/body weight compared with each of the other groups (Fig. 2K ).
However, in agreement with previous reports evaluating pancreatic morphology of 10-12
week-old KO mice on chow diet [6] , the enlarged pancreas of lean KO mice did not show any overt alteration in islet size or number and overall appearance of the exocrine parenchima upon histological examination (Fig. 2M) . A comparable amount of intrapancreatic fat was observed in DIO WT and KO mice, but not in lean animals, in agreement with previous data indicating development of nonalcoholic fatty pancreas in obese leptin-deficient ob/ob mice [27] .
In both DIO WT and KO mice, obesity was associated with induction of an inflammatory response in VAT compared to lean mice. Expression of the anti-inflammatory adipokine adiponectin (APN) was significantly and comparably reduced in VAT of DIO WT and KO mice relative to lean mice (Fig. 3) . A significantly and comparably elevated expression of the markers of macrophage infiltration CD68 and CD206, the chemokines CCL2, CCL11 and CXCL2, the cytokines TNFD, IL-1D, IL-1E and IL-1Ra, and the adhesion molecules vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) was observed in VAT of DIO WT and KO mice relative to lean controls (Fig. 3) . Moreover, expression of IL-18, IL-33 and inducible nitric oxide synthase (iNOS) in VAT did not significantly differ among the four groups (Fig. 3 ).
Hematological alterations in DIO WT and KO mice.
In agreement with data obtained in obese subjects [16] , analysis of peripheral blood demonstrated a significant increase in total leukocyte counts in DIO WT mice compared with each other group (Table 1) . Differential counts indicated that the absolute number of neutrophils and lymphocytes was significantly higher in DIO WT mice compared with each other group, without significant differences in the relative percentages of each cell population (Table   1) .
A significant reduction in the number of circulating platelets was observed in DIO KO mice compared with each other group (Table 1) . However, no significant differences in mean platelet volume (MPV), percentage of reticulated platelets (which indicates the presence of circulating immature platelets) or number of megakaryocytes in bone marrow were observed among the different groups (Table 1) .
IL-6 regulates megakaryopoiesis by inducing production of thrombopoietin (TPO) by the liver and by synergizing with TPO for induction of megakaryocyte maturation [28, 29] .
An additional source of TPO, particularly in obesity, is represented by VAT [30] . To assess whether altered TPO production might be responsible for the reduced platelet counts of DIO KO mice, we evaluated expression of TPO in liver and VAT as well as serum and liver-associated TPO protein levels. Hepatic TPO expression was comparable in each group (Fig. 4A) , whereas TPO VAT expression was significantly and comparably reduced in DIO WT and KO mice compared to lean mice (Fig. 4B) . However, as expected [31] , TPO expression in the liver was significantly higher compared to VAT in each group, but particularly so in DIO WT and KO mice (Fig. 4C) . Plasma TPO, whose levels were comparable to those in previous reports [32] , was significantly elevated in lean KO mice compared to each other group (Fig. 4D , whereas liver-associated TPO levels were comparable in the four experimental groups (Fig. 4E) . Expression of IL-11,
another cytokine with thrombopoietic properties [33] , was comparable in liver and VAT of each group (Fig. 4 F and G) , suggesting that overproduction of this cytokine did not compensate for lack of IL-6 in KO mice.
When IL-6 was acutely neutralized in lean and DIO WT mice using a specific antibody, a trend towards reduced platelet numbers was observed in DIO but not in lean mice (platelet numbers were 828+/-140, 818+/-100, 793+/-85, and 661+/-54 x10 3 /Pl in lean, lean+anti-IL-6, DIO and DIO+anti-IL-6, respectively; n=5).
Red blood cell counts and hemoglobin concentrations were comparable in the four groups (Table 1) .
3.4
The APR in DIO WT and KO mice. Obesity is associated with elevated levels of several acute-phase proteins in both humans and mice [34] . However, whether IL-6 is responsible for obesity-associated induction of acute-phase proteins has not been investigated.
In both liver and VAT, Serum Amyloid A-1 (SAA-1) was the only protein whose modulation by obesity was IL-6-dependent. In fact, significantly higher mRNA expression of hepatic SAA-1 was observed in DIO WT mice compared to lean WT and KO as well as DIO KO mice (Fig 5A) . In VAT, a significant reduction of SAA-1 expression was observed in DIO WT, but not DIO KO mice, compared to lean groups (Fig. 5B) . In lean WT and KO mice, as well as DIO KO mice, the liver expressed ~1,000-2,000-fold higher levels of SAA-1 compared to VAT, whereas in DIO WT mice the liver expressed ~15,000-fold higher levels of SAA-1 compared to VAT (Fig. 5C ). As a result of the differential expression of SAA-1 between tissues, circulating SAA levels reflected liver expression and were significantly elevated in DIO WT mice compared to each other group (Fig. 6) .
Expression of the iron-regulatory protein Hepcidin-1 (Hamp-1) was unaltered in liver of DIO compared to lean mice (Fig. 5A ). As expected, Hamp-1 was preferentially expressed in the liver compared to VAT [35] (Fig. 5C ). At variance with lack of regulation of Hamp-1, expression of Hamp-2 was significantly increased in liver, but not VAT, of DIO WT and KO mice compared to lean groups. Similar to Hamp-1, expression of Hamp-2 was also higher in liver compared to VAT (Fig 5 A-C) .
Expression of ceruloplasmin (CP) was unaffected by obesity in either liver or VAT, whereas expression of LPS-binding protein (LBP) was significantly elevated in VAT, but not liver, of DIO WT and KO mice in comparison with lean mice (Fig 5 A-C) ..
Plasminogen activator inhibitor-1 (PAI-1) and thrombospondin -1 (TSP-1) were preferentially expressed in VAT compared to liver in each group ( Fig 5C) and were 13 significantly and comparably elevated in liver and VAT of both DIO WT and KO mice compared to lean mice ( Fig. 5 A and B) .
Discussion
The goal of the present study was to investigate the role of IL-6 in obesity-associated VAT inflammation, hematological alterations and induction of the APR. We demonstrate that IL-6 modulates leukocytosis and thrombopoiesis and is responsible for regulation of SAA-1, but not other acute-phase proteins, in obese mice.
Obesity and insulin resistance
No significant differences in body weight, serum leptin levels, markers of VAT inflammation, insulin resistance or degree of hepatic damage were observed between WT and KO mice on either chow or HFD, at variance with some, but not other, earlier reports [2] [3] [4] [5] [6] . Mice in our study were evaluated at 17 weeks of age, before the earliest time point in which a significant difference between WT and KO mice had been previously reported [3] . While we chose this time point in order to avoid the confounding effect of metabolic differences between WT and KO mice, it is possible that evaluation at later time points would have revealed differences in adiposity, glucose metabolism and hepatic inflammation, in agreement with previous studies [2, 3] . However, because evaluation of obesity and insulin resistance was not the central aim of this study, we did not investigate these parameters at multiple time points.
The pancreas of lean KO mice was as large as that of DIO WT and KO mice, indicating a possible early alteration of the pancreatic environment that precedes the development of insulin resistance reported for older KO mice [3, 6] . Similarly, the liver of DIO KO mice was slightly but significantly enlarged compared with that of DIO WT mice, again suggesting the beginning of the process that will eventually lead to overt hepatomegaly and hepatic inflammation in DIO KO mice at an older age [3] . However, no overt alterations of pancreas, liver or VAT in lean or DIO KO mice were evident upon histological examination at the time point examined.
The effect of IL-6 deficiency on obesity-associated VAT inflammation had not been reported previously. Although we cannot exclude the possibility of compensatory mechanisms, our results indicate that IL-6 is dispensable for induction of VAT inflammation by HFD, since no significant differences between DIO WT and KO mice were observed for any of the parameters evaluated.
Hematological parameters
Despite the association of obesity with leukocytosis being long known [16] , whether IL-6 mediates this response had been not been investigated. Previous studies demonstrated that the acute neutrophilia induced by administration of Concanavalin A and hepatic infiltration with neutrophils in response to acute inflammatory stimuli or aging is mediated by IL-6 [36, 37] . The present data indicate that DIO leads to development of mild but significant leukocytosis in WT but not in KO mice, suggesting that IL-6
participates in the chronic induction of leukocytosis of the obese state. These data also indicate that VAT inflammation and peripheral leukocytosis in obesity are differentially regulated, with IL-6 participating in modulating the latter but not the former.
We also show significantly reduced platelet counts in DIO KO mice and a trend towards reduced platelet counts in DIO WT mice receiving anti-IL-6 antibodies. Although earlier reports, in agreement with current data, indicated lack of alterations in platelet counts in 15 lean KO mice [38, 39] , the effect of IL-6 deficiency superimposed on obesity on thrombopoiesis had not been previously investigated. The present paper shows lack of significant alterations in MPV, percent of reticulated platelets in peripheral blood and number of megakaryocytes in bone marrow of DIO KO mice compared to the other groups, suggesting that thrombopoiesis in DIO KO mice reaches a steady-state at significantly lower platelet counts, though still in the physiological range, compared to WT mice.
Because IL-6 regulates megakaryopoiesis and reactive thrombocytosis by inducing hepatic production of TPO and by synergizing with TPO for induction of megakaryocyte maturation [28, 29, 39] , we investigated whether alterations in TPO levels might be responsible for the observed effects. Data demonstrate lack of significant differences between WT and KO mice in terms of liver TPO mRNA expression and protein levels, indicating that differential production of TPO from the liver is not responsible for the observed differences in platelet counts. Expression of TPO in VAT was significantly but comparably reduced in both DIO WT and KO mice relative to lean groups, again suggesting that differential production from VAT did not account for the lower platelet counts observed in DIO KO mice. Despite lower TPO expression in VAT, plasma TPO levels were comparable in DIO WT, DIO KO and lean WT mice, likely as a result of the significantly higher expression of TPO in liver versus VAT, as shown in Figure 4C . On the other hand, plasma TPO levels were significantly higher in lean KO mice compared to each other group. However, expression of TPO in the liver, the major organ that contributes to circulating TPO levels [31] , was not increased in lean KO mice relative to the other groups. Circulating TPO levels are mostly regulated by binding to c-MPL and subsequent elimination of the complex rather than by transcriptional or translational mechanisms [40] . Therefore, our results suggest the possibility of reduced rates of TPO extraction from plasma in lean KO mice, perhaps as a compensatory response to maintain efficient thrombopoiesis in the absence of endogenous IL-6. Lack of this compensatory mechanism in DIO KO mice, possibly as a consequence of the stress of excess adiposity, would lead to reduced platelet counts in the presence of unaltered TPO levels.
Data showing unaltered MPV together with reduced VAT TPO expression in DIO compared to lean mice suggest that obesity differentially affects thrombopoiesis in mice compared to humans, since elevated MPV and VAT TPO expression have been reported in obese subjects and linked to increased CVD risk [18, 19, 30] . Similarly, we did not detect significant alterations in erythrocyte counts, hemoglobin levels and expression of the main iron-regulatory protein Hamp-1 in DIO compared to lean mice, although anemia secondary to elevated Hamp-1 levels has been widely reported in obese subjects [41] .
Inter-species differences in thrombopoiesis, erythropoiesis and iron metabolism likely account for these differences [42, 43] .
Acute-phase response (APR)
The chronic APR of obesity exerts a detrimental effect by favoring development of type 2 diabetes and CVD through alterations in metabolic pathways and pattern of protein production [9] . Although IL-6 is considered the most important regulator of the APR, its role is stimulus-and protein-dependent [8, 44] . In the present report we demonstrate that, of the seven acute-phase proteins evaluated, SAA-1 is the only one whose modulation in liver, VAT and plasma during of obesity is IL-6-dependent, in agreement with previous studies evaluating induction of SAA-1 during acute inflammation [44, 45] . In contrast, expression of other proteins that have been associated with elevated CVD risk, such as PAI-1 and TSP-1 [10, 12] , was not affected by IL-6 deficiency. These results suggest that strategies aimed at reducing IL-6 bioactivity in obesity may not significantly alter CVD risk, at least regarding modulation of the APR, although they are likely to lower the elevated risk of cancer of obese subjects [46] .
A significantly elevated expression of LBP was observed in VAT of DIO WT and KO mice compared to lean animals, in agreement with data obtained in obese subjects [13] .
Increased expression of LBP is likely to amplify adipose tissue inflammation, that has been suggested to arise from the metabolic endotoxemia of obesity [47] . However, our data indicate that IL-6 is dispensable for upregulation of LBP during obesity.
No significant alterations in expression of the iron-regulatory proteins Hamp-1 and CP were observed among the four groups in either liver or VAT, indicating lack of effect of both obesity and IL-6 deficiency in regulating expression of these two proteins in mice.
These data are at variance with the upregulation of both Hamp-1 and CP in human obesity that has been linked to obesity-associated anemia, a variant of the anemia of inflammation, in which IL-6 likely plays an important role [41, [48] [49] [50] . As mentioned above, inter-species differences in hematopoiesis and regulation of iron metabolism are likely to account for this discrepancy [43, 51] . Inter-species differences are further underscored by the observation that, unlike humans, mice have two hepcidin genes,
Hamp-1, a critical regulator of iron metabolism, and Hamp-2, whose biological function remains unknown [52] . Our data indicate differential regulation of Hamp-1 and Hamp-2 in response to obesity, in agreement with previous reports demonstrating differential patterns of expression and promoter structure of the two murine Hamp genes [51, 53] .
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Our data also indicate that, in obese mice, VAT rather than liver is the most important source of PAI-1 and TSP-1, whereas SAA-1, Hamp-1, Hamp-2 and CP are predominantly produced by the liver, while expression of LBP is comparable in liver and VAT of obese mice. Thus, the relative contribution of liver and VAT to the APR of obesity is protein-dependent. A limitation of the present study is that, with the exception of SAA, evaluation of the acute-phase response was only performed at the level of mRNA expression.
Conclusions
In the present report we demonstrate that, in the absence of overt metabolic alterations, IL-6 modulates leukocytosis and thrombopoiesis in obese mice. However, IL-6 is dispensable for development of adipose tissue inflammation and selectively regulates induction of SAA-1, but not other acute-phase proteins, in obesity. Catalog numbers of qPCR primers from Applied Biosystems [54] 
